The relationship among ultrasonic vocalization (USV), prolactin and maternal behavior was investigated in lactating rat mothers and their pups. The lactating mother had a cannula inserted into the external jugular vein, and was exposed to USVs emitted from a pup immediately. Changes of prolactin and maternal behavior were determined. Prolactin increased dramatically during exposure to USVs, when maternal search, retrieving and nest building behavior appeared significantly. These results suggested that the relationship among USV, prolactin and maternal behavior was included in communication between lactating mother and pup.
tion between lactation mother and pup in rodents might include relationships involving prolactin, maternal behavior and USVs. In the present age, the relationship between parent and child is becoming weak in human being, therefore the basic study of the communication using laboratory animals is significant.
In this study, we tried to verify the relationship among USV, prolactin and maternal behaviors by the exposing lactation mother with a cannula inserted into the external jugular vein to USVs.
Introduction
It has been reported that rodent pups emit ultrasonic vocalization (USV) in situations such as separation from the nest [2] and cold stress [1] . Further, mothers exposed to USVs from pups demonstrated retrieving behavior, nest building, and anogenital licking behavior in rats [1, 6] , mice [13] and hamsters [11] . Thus, USV emitted by rodent pups has been reported to be one of the essential communications between a pup and its mothers. Terkel et al. [14] reported that prolactin levels in mothers increased in response to USVs. On the other hand, it was reported that maternal behaviors, such as retrieving behavior, nest building behavior and lactation position, were promoted by prolactin [3] [4] [5] 12] . From these reports, we thought the communica-Animal Reproduction, Tsuchiura, Ibaraki, Japan) that had been raised in an air-conditioned colony room with a temperature of 22-27°C and subject to a light-schedule of 12 hr light and 12 hr darkness (light off at 19:00). They were provided with MF-1 pellet diet (Funabashi Farm Co., Ltd., Funabashi, Chiba, Japan) and tap water ad libitum. Upon reaching 8 to 10 weeks of age, the female at proestrus of the sexual cycle was placed overnight with a male of the same strain. Those whose vaginal plugs or smear were found to contain sperms on the following morning were considered as day 0 of pregnancy. These females were individually transferred to plastic cages (220 D × 380 W × 200 H mm) with wood-chip bedding. One day after parturition, the litter size was adjusted to 8, 4 male and 4 female pups.
Measurement for USVs monitor
Equipment to record USVs of rodent pups were arranged as follows. A condenser microphone (Kunitachi Acoustic Lab., SF-12DC No.1730) was located 5-8 cm above the pup in a glass beaker. The microphone was connected to a Thermal Arraycorder (WR7700; GRAPHTEC Co.) through a microphone amplifier (DIA Medical System). The sensitivity of the microphone was -67.8 dB r.m.s. (0 dB = 1 V/µ bar) and the fre-quency response was within ± 0.5 dB in the frequency range from 5 to 100 kHz.
Experimental design
All experiments were performed at 7 days after birth. A home cage was put in the incubator to attenuate surrounding sounds, and then a pup was removed from the lactation mother. The pup as a stimulus to the lactating mother was placed in a 500 ml glass beaker in isolation. Then, the glass beaker was put at the side of home cage and below the condenser microphone in the incubator (Fig. 1) .
The experiment was started at the time when the lactating mother did not show any maternal behavior.
There were three experimental groups. In the USV exposure group (USV group, n=7), lactation mother was allowed exposure to USVs emitted from a pup, which was placed in a glass beaker on an ice bag (14 ± 3°C) for 7 min. After suspension of the exposure, the pup was removed from the glass beaker. In the smell exposure group (SML group, n=6), pup, which could not emit USVs because of removal of recurrent nerves, was placed in a glass beaker for 7 min to deny the possibility of smells diffused from a pup in the USV group. The procedure for the removal of the recurrent nerve Observation methods for USV, SML and INT groups. USV group: Lactation mother was exposed to USVs emitted from a pup, which was placed in a glass beaker on an ice bag (14 ± 3°C) for 7 min. SML group: The pup, which could not emit USVs because of the removal of recurrent nerves, was placed in a glass breaker for 7 min to deny the possibility of smells emitted from a pup in the USV group. INT group: Home cage in this group was located under the condenser microphone to confirm that no pups emitted USVs in the home cage.
was the method reported by Wetzel et al. [16] , and the pup was operated on twenty-four hours before each experiment. There were no stimulus pups in the intact group (INT group, n=6). The home cage in this group was located under the condenser microphone to confirm the fact that no pups emitted USVs in the home cage.
Blood sample
Twenty-four hours before each experiment, a cannula for collecting blood samples was inserted into the external jugular vein of each lactation mother after anesthetisia with pentobarbital sodium (40 mg/kg B.W., i.p.). Blood (30 µl) was withdrawn through the cannula into a heparinized syringe without anesthesia at 15 min before (-15), 5, 15 and 30 min after the initiation of the experimental procedure ( Fig. 2 ). Blood samples were centrifuged at 3,500 rpm for 15 min at 4°C, and plasma was stored at -80°C until analyzed by RIA for determination of plasma prolactin.
Radioimmunoassay (RIA)
Plasma concentrations of prolactin were measured by RIA using the method of Furudate et al. [7] with reagents provided from NIADDK. The standard reference used was rPRL-RP-3 for prolactin. The intra-and interassay coefficients of variation were 3.2% and 13.9%, respectively.
Observation of maternal behaviors
The maternal behavior of lactation mother was observed for an experiment. The observation was divided into four periods. The first (1st) period was defined as the time from the first blood sampling to the start of USV exposure. The second (2nd) period was defined as the time during exposure to USVs. The third (3rd) period was defined as the time from the end of USV exposure to the blood sampling at 15 min, and the fourth (4th) period was defined as the remaining time (Fig. 2) .
Items of maternal behavior were maternal search behavior, retrieving behavior, nest building behavior, anogenital licking behavior and lactation position, the appearances of which were recorded. In this study, each maternal behavior was defined as follows: maternal search behavior-the lactation mother searched the wood-chips in the home cage for the lost pups; retrieving behavior-during the observation, the lactation mother retrieved pups that separated from nest because of the mother's search behavior and so on, to the nest again; nest building behavior-the lactation mother remade the original nest with gathering of wood-chips; anogenital licking behavior-the lactation mother licked the pups; lactation position-the lactation mother gave the milk to the pups.
Statistical procedures
The results of prolactin concentration were expressed as mean ± S.E.M. The prolactin levels of the experimental groups (USV, SML and INT groups) were compared by the Mann-Whitney U test, while comparisons at each time (-15, 5, 15 and 30 min) were tested for significance by Wilcoxon's matched pair test. The appearance rates of each maternal behavior were tested by Fisher's exact probability.
Results

Secretion of prolactin
The changes in plasma concentrations of maternal prolactin are shown in Fig. 3 . There were no differences at -15 min (basal level) among the USV, SML and INT groups. At 5 min after exposure to USVs emitted continuously from a rat pup stimulated by cold stress, plasma prolactin levels of the USV group mothers increased dramatically compared to -15 min (P<0.05) and were higher than the other groups (P<0.05). After that, plasma prolactin concentrations at 15 and 30 min returned to the basal level. At that time, there were no differences among the USV, SML and INT groups.
Appearance of maternal search behavior
Appearance rates of maternal search behavior (the number of positive dams/total observed dams) are shown in Fig. 4 . During the 1st period, maternal search behavior was not observed at all in any groups. On the contrary, during exposure to USVs (2nd period), maternal search behavior was shown by all lactation mothers in the USV group (vs. 1st period, P<0.01). The maternal search behavior of the USV group disappeared during the 3rd and 4th periods (vs. 2nd period, P<0.01).
In the SML and INT groups, maternal search behavior was not observed at all throughout the experiment (vs. USV group during 2nd period, P<0.01).
Appearance of retrieving behavior
The appearance rates of retrieving behavior are shown in Fig. 4 . In the USV, SML and INT groups, retrieving behavior was not observed at all during the 1st period. During exposure to USVs (2nd period), retrieving behavior was shown in 4 of 7 lactation mothers of the USV group (vs. 1st period, P<0.05). During that period, the difference of appearance rates between the USV and INT groups (0%) was significant (P<0.05), but the difference between the USV and SML groups was not. The retrieving behavior of the USV group disappeared during the 3rd and 4th periods (vs. 2nd period, P<0.05).
Appearance of nest building behavior
The appearance rates of nest building behavior are shown in Fig. 4 . There were no differences in all groups during the 1st period, but during exposure to USVs (2nd period), nest-building behavior was shown by 4 of 7 lactation mothers in the USV group (vs. 1st period, P<0.05, vs. SML and INT groups, P<0.05). The nest building behavior of the USV group disappeared during the 3rd and 4th periods (vs. 2nd period, P<0.05).
Though appearances of other behavior, such as anogenital licking behavior and lactation position were also observed, there were no significant differences among the three groups, and they were unaffected by pups' distress ( Fig. 4 ).
Discussion
As mentioned in the introduction, the relationship between USV and maternal behavior or USV and prolactin release has been recognized. It is known that either maternal behavior or prolactin are induced by USVs emitted from a rat pup. Also the relationship between prolactin and maternal behavior for inducing maternal behavior by prolactin is known. However, the relationship among USV, prolactin and maternal behavior has not been demonstrated yet. Only a report by Koch et al. [9] seems to show this relationship. They reported that ovariectomized multiparous mice with estradiol benzoate showed retrieving behavior at a high rate and increased prolactin levels. In their study, the relationship among USV, prolactin and maternal behavior was not shown clearly because USV exposure to the mouse was performed after the retrieving test, and the blood for measurement of prolactin was collected from the heart under anesthesia with pentobarbital sodium. Since the value of prolactin is affected by stresses such as the anesthesia [8] , the rise in prolactin after the USV exposure in this experiment was questionable. We investigated the effect of prolactin and maternal behavior in response to USVs emitted from a rat pup in lactation mothers with cannula inserted into the external jugular vein without stresses. Prolactin increase by exposure to USVs, was 5.5 times the concentration of basal level, and similar to the report by Terkel et al. [14] . In addition, during exposure to USVs, maternal search, retrieving, and nest building behavior were observed at high rates in the present study. However, anogenital licking behavior and lactation position were not significantly affected by USVs. Loundes et al. [10] reported that long-term exposure to prolactin in combination with progesterone plus estorogen stimulated full maternal behavior, whereas shorter-term exposure to prolactin only stimulated retrieving behavior in hypophysectomized rats. Bridges et al. [5] reported that appearances of retrieving behavior and lactation position were promoted by prolactin infused into the MPOA repeatedly in ovariectomized rats. In this study, although prolactin during exposure to USVs was increased dramatically above the basal level, the concentration of prolactin was restored to the basal level immediately after suspension of USV exposure. From these findings, we thought that anogenital licking behavior and lactation position might be not affected by USVs because the prolactin was not maintained at a high concentration throughout the experimental period.
Maternal behavior, such as maternal search, retrieving, and nest building behavior might be induced by short exposure to prolactin. In other words, the appearances of each maternal behavior might be influenced by the concentration and exposure period of prolactin secretion. However the mechanism of prolactin secretion in response to USVs exposure is still not known, and is a topic for further research. In conclusion, as described in the introduction, the possibility exists that USVs promote maternal behavior directly, not through prolactin. The present study seems to indicate that prolactin, induced by USVs, promoted the maternal behavior such as maternal search, retrieving, and nest building. In other words, a system of USV, prolactin and maternal behavior may be involved in communication between lactation mother and pup. Investigating whether maternal behavior is affected by USVs, with prolactin inhibited by bromocriptine [14] , for example, should clarify the relationships among USVs, prolactin and maternal behavior.
